A nanostructured porous gold film (NPGF) was fabricated onto a gold electrode surface by an electrochemical approach involving anodization followed by electrochemical reduction in absence of binary alloys, templates and chemical reducing agents. The electrocatalytic activity of the as-fabricated electrocatalyst was examined towards hydrogen evolution reaction (HER) and very low onset potential (−0.048 V) and overpotential values of −0.070 and −0.083 V at current densities of 10 and 20 mA cm . A small Tafel slope of ca. 36 mV decade -1 was achieved, indicating the HER takes place according to a Volmer-Heyrovsky mechanism and that the electrochemical desorption of hydrogen is the rate determining step. The performance of the NPGF electrode was compared with that of bulk gold and platinum electrodes, and a platinum-like behavior was noticed for HER. Finally, the durability of the proposed electrocatalyst was examined using voltammetric and amperometric techniques and an excellent stability was achieved.
Introduction
Most electricity generation methods produce CO 2 and such environmental impact can be minimized by using renewable processes. 1, 2 In this context, hydrogen is considered to be one of the most important fuels for future energy applications due to its high energy density and the demand for clean and renewable energy sources. 3, 4 The main existing process for hydrogen production is based on steam reforming of methane, but such reaction requires catalysts and high energy as input, and CO 2 is as a by-product. 5, 6 Therefore, it is essential to find alternative ways to produce CO 2 -free hydrogen at room temperature.
Water splitting or HER (hydrogen evolution reaction) is an important pathway to produce hydrogen with high purity, as this approach allows to store energy without the emission of CO 2 . Accordingly, the development of simple methods to fabricate efficient electrocatalysts for HER is highly desirable, even though the limiting step in water splitting and water electrolysis is the oxygen evolution reaction. However, the synthesis of such kind of catalysts (that minimize the activation energy for hydrogen formation on the electrode surface) still remains a challenge. 7 It is well-known that platinum and its alloys are the benchmark electrocatalysts for HER because of the low overpotential and fast kinetics required for driving the reaction. [8] [9] [10] Unfortunately, the limited supply and expensiveness of these metals make them unattractive. As a result, enormous efforts have been devoted to finding alternative catalysts for producing hydrogen at low overpotential. For example, cobalt, [11] [12] [13] nickel, 14 copper [15] [16] [17] bimetallic catalyst, 18 transition metal carbide nanocrystals M3C (M: Fe, Co, Ni) encapsulated with vertically aligned graphene nanoribbons, 19 nitrogen and sulfur co-doped nanoporous graphene, 20 molybdenum sulfide (MoS 2 ), phosphide, carbon and noble metal-free catalysts are reported for the HER process. [21] [22] [23] [24] Currently, nanoporous gold films (NPGF) have attracted attention for their widespread application in catalysis and in the sensors field because of their higher surface area in comparison to bulk gold electrodes, allowing superior electron transfer rate between the electrode-electrolyte interface. 25, 26 Such platforms have been mainly prepared by alloying/dealloying or template methods, where hazardous chemicals are mostly used. 27, 28 Hence, it is really a challenging task to develop convenient and green methods to fabricate NPGF with high surface area. Gold surfaces with such features have been produced by square wave potential perturbations, 29 anodization in oxalate solution, 30 anodization of gold in HCl medium, 31 dealloying of silver/gold alloys, 32 anodization using ascorbic acid as reducing agents 33 and electroless deposition of iridium oxide nanoparticles on an anodized gold surface. 34 Also, gold nanomaterials have been found to be catalytically active and relatively stable in acid medium. 35 Hitherto, HER activity has been studied on gold single crystal electrodes, 36 electrochemically synthesized gold nanospikes and electrochemically grown mesoporous gold thin film. 37, 38 Moreover, nanoporous gold/tungsten sulfide composite film, 39 and Au-CNT and Au-graphene composite 35 have been used as electrocatalysts for HER.
Recently, the fabrication of a high surface area nanoporous gold film electrode via anodization followed by electrochemical reduction in a sulfuric acid medium for dissolved oxygen reduction was proposed for the first time by our research group. 40 In this work, the attempt has been made to evaluate the electrocatalytic activity of the NPGF electrode towards HER in acid medium and excitingly we observed a platinum-like performance at very low overpotential along with excellent durability.
Experimental

Reagents
Sulfuric acid (Merck) was used as received. A 0.5 mol L -1 H 2 SO 4 solution was prepared and served as an electrolytic solution for the fabrication of the NPGF electrode and in hydrogen evolution reaction studies. A high pure Milli-Q-water (18 MΩ cm) was used for all necessary solutions preparation.
Apparatus
The electrochemical experiments were carried out using a PalmSens portable potentiostat (BV, Netherland) using a three-electrode electrochemical system: the electrochemically fabricated NPGF electrode, a platinum foil and Ag/AgCl (saturated KCl) served as working, counter and reference electrodes, respectively. All potential values reported here were converted to reversible hydrogen electrode (RHE) and all the polarization curves were iR-corrected. Current density values (j, in mA cm -2 ) used in this work were calculated from the geometrical area of the Au electrode (0.07065 cm 2 ). 35 A JOEL JSM740F equipment with an acceleration voltage of 30 kV was used to take the FE-SEM (field emission scanning electron microscopy) images.
Fabrication of the NPGF electrode
The nanoporous gold film electrode was fabricated using our recent approach. 40 Briefly, the potential of a gold electrode was cycled from 0.0 to 2.0 V at the scan rate of 0.02 V s -1 in a 0.5 mol L -1 H 2 SO 4 solution and the electrode potential was held at 2.0 V for 60 min after the forward scan, where a gold oxide film (orange-yellowish color) was formed on the electrode surface. Afterwards, the generated oxide film was reduced in the reverse scan to form a nanoporous gold film (black color).
Results and Discussion
Microscopic analysis of NPGF surface FE-SEM images of bare Au and electrochemically fabricated NPGF electrodes are shown in Figures 1A and 1B, respectively. A smooth surface with slight scratches are observed for the bare Au electrode, whereas an extremely rough surface with porous nanostructures with an average pore size of 32 nm along with large defective sites and/or edges was noticed for the NPGF electrode. 40 Typically, such kind of pore structure has large surface area and roughness factor and can be more beneficial for electron transfer processes, leading to enhanced electrocatalytic activity for many electrochemical reactions. Besides, recently we witnessed the absence of oxide formation on the fabricated NPGF surface through energy dispersive X-ray analysis (EDX), 41 which confirms the outstanding purity of the NPGF compared to the material prepared by dealloying or template based methods.
Electrochemical characterization of the NPGF electrode
The cyclic voltammetric responses of bare Au and NPGF electrodes in 0.5 mol L -1 H 2 SO 4 solution at the scan rate of 0.1 V s -1 are shown in Figure 2 . A large current signal was observed at the peak potential of 0.9 V for the NPGF electrode, corresponding to the reduction of Au oxides formed in the forward scan. Such process is much more pronounced in comparison to the corresponding one at the polycrystalline Au electrode. This can be reasoned as a consequence of the evolution of oxygen gas bubbles at the electrode surface during the anodization process, hence a porous structure with increased surface area is created. Also, in order to further confirm the porous nature of the Au film, the electrochemical surface area (ECSA) was calculated using the Au oxide reduction peak by a charge-integration method. 40 Values were found to be 0. 34 42 have recently shown the relationship between the Au oxide peaks and the low-index crystal planes of the polycrystalline gold by using cyclic voltammetry in acid medium. The polycrystalline gold surface showed a single oxidation peak due to the amorphous nature of the surface, whereas after repetitive potential cycling three oxidation peaks emerged at the peak potentials of 1.14, 1.20 and 1.35 V. Similar peaks in the voltammogram recorded with the NPGF electrode can be noticed in Figure 2 . This was attributed by the authors to the formation of (i) Au oxides, (ii) surface roughness and (iii) defects in the crystal structure, which are related to the low index crystal planes of Au(100), Au(110) and Au(111), respectively. Hence, it is likely that our procedure involving the anodization of the Au surface followed by electrochemical reduction strongly influences the structure of the Au electrode surface in a similar pathway, i.e., low-index crystal planes are generated. At such active sites, reactants can be more easily adsorbed. As a consequence, reactants are able to participate in inner-sphere electron transfer reactions and the rate of such processes is enhanced.
Electrocatalytic activity of the NPGF electrode for HER
The catalytic activity of the electrochemically fabricated NPGF electrode for HER was explored in a 0.5 mol L -1 H 2 SO 4 solution. Prior to each measurement, dissolved oxygen was removed by purging argon gas into the electrolytic solution. In order to compare the electrochemical activity, experiments were also performed using bare gold and platinum electrodes (same geometrical area). Polarization curves were obtained using linear sweep voltammetry at the scan rate of 2 mV s -1 ( Figure 3 ). As it can be seen, when the holding time increased from 10 to 60 min, the overpotential for HER was shifted towards less negative potentials (we did not observe any change in the activity after 60 min ( Figure S1 , Supplementary Information), hence the deposition time selected as optimum for the fabrication of NPGF was 60 min), whereas a poor HER activity was exhibited when a bare gold electrode was used. Additionally, very small overpotential values of −0.070 V at 10 mA cm -2 and −0.083 V at 20 mA cm -2 were found for the NPGF electrode fabricated by using a 60 min holding time. Beyond those overpotentials, the cathodic current rapidly increased at more negative potentials. This performance is very close to the one of a platinum electrode and this is attributable to the fact that the NPGF has more active sites (high surface area and/or high roughness factor), resulting in superior electrocatalytic activity for the HER process.
The mechanism of hydrogen evolution reaction in acid medium has been evaluated based on the slope value obtained from the Tafel plot ( Figure 4) . 39 In general, HER takes places according to the following three steps:
Step 1. Primary discharge step (Volmer reaction)
Step 2. Electrochemical desorption step (Heyrovsky reaction)
Step 3. Recombination step (Tafel reaction) NPGF-H ads + NPGF-H ads → NPGF + H 2 ; b = 2.3RT/2F ~30 mV (3) where R is the ideal gas constant, T is the absolute temperature, and F is the Faraday constant. Hence, for a metal surface, either Volmer-Heyrovsky or Volmer-Tafel are the predominant mechanisms for HER in acid medium. A 30 mV decade -1 as Tafel slope indicates that HER takes place through the Volmer-Tafel mechanism and the recombination step is the rate determining step, whereas a Tafel slope of 40 mV decade -1 suggests the process follows the Volmer-Heyrovsky mechanism and the electrochemical desorption step would be the rate determining step. Tafel slope values of ca. 24 and ca. 36 mV decade -1 were obtained for platinum and NPGF electrodes, respectively. The observed Tafel slope of 36 mV decade -1 for the NPGF electrode is much lower compared to other reported catalysts (Table S1 , Supplementary Information), suggesting the electrochemical desorption step (equation 2) is the rate-determining step and therefore the HER at the NPGF electrode takes place according to the Volmer-Heyrovsky mechanism.
The onset potential of NPGF catalysed HER was obtained from the current density vs. potential plot ( Figure 5A ) and the value was determined as −0.048 V, which is very close to the one corresponding to a bare platinum electrode (−0.043 V). These results show that NPGF electrode behaves like platinum concerning HER. Furthermore, the exchange current density (j o ) was calculated by the extrapolation method, i.e., j o is the current density measured at which the overpotential is 0.0 V in the Tafel plot. 43 The obtained log j o value was determined by extrapolation and found to be −0.9 ( Figure 5B ), hence j o was calculated as 0.126 mA cm -2 . The obtained overpotential, onset potential, Tafel slope and exchange current density values are comparable to other gold (Au-CNT and Au-Graphene, and NPG/tungsten composite films) and MoS 2 based catalysts and these features demonstrate the excellent electrocatalytic activity of the NPGF electrode (Table S1 , Supplementary Information).
Stability studies of NPGF electrode
Another significant parameter for the evaluation of a good electrocatalyst is its stability. Accordingly, amperometric measurements were carried out at a constant potential of −0.1 V for 20 h in a 0.5 mol L -1 H 2 SO 4 stirred solution ( Figure 6 ). An enormous amount of hydrogen bubbles released from the electrode surface was noticed at the beginning of the experiment and the current density at the NPGF electrode decreased for ca. 1 h. Then, a continuous and slight current increase was observed for the next 19 h of continuous process, but one can consider that the response did not change significantly during such monitoring, confirming the stability of the platform towards HER. Besides, linear sweep voltammograms were also recorded with the NPGF electrode in 0.5 mol L stability of the proposed platform. Hence, these results suggest the robustness and long-term durability of the developed NPGF electrocatalyst.
Conclusions
In summary, we have examined the electrocatalytic activity of the as-prepared NPGF electrode for HER. The developed nanostructured porous gold based electrocatalyst exhibited excellent electrocatalytic activity in terms of low onset and overpotential with large cathodic current density, small Tafel slope along with excellent long-term stability. Such perfomance towards HER is similar to the one corresponding to platinum. Therefore, we believe the results shown in this work may be a starting point for the development of novel nanoporous based electrocatalysts, which can have many potential applications in the field of electrocatalysis and electrochemical (bio) sensors. As a matter of fact, the NPGF microelectrode can replace a Pt tip in scanning electrochemical microscopy (SECM) experiments involving the electroxidation of in situ generated hydrogen and studies are under progress.
Supplementary Information
The catalyst activity after 60 min of anodization and the comparison of catalytic performance with other catalysts reported in the literature are given in Figure S1 and Table S1 , respectively, which are available free of charge at http://jbcs.sbq.org.br as PDF file. 
